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ABSTRACT 

Prostate adenocarcinoma is the most common nonskin malignancy in males and the second most common 
cause of cancer death in the United States (Landis et al^ 1998). Initial treatments of surgery or radiotherapy 
may cause impotence and/or incontinence from neural damage (Eastham and Scardino, 1998; Porter et aL, 
1998). When extraprostatic or metastatic disease develops, castration or pharmaceutical androgen ablation is 
utilized (Catalona, 1994). Androgen-resistant recurrence indicates a poor prognosis and justifies experimen- 
tal chemotherapy (Ob and Kantoff, 1998). G207 (Mineta et al^ 1995; Yazald et of, 1995) is a mulnmutated 
herpes simplex virus 1 (HSV) vector that replicates within cancer cells, causing ceflular death; however, repli- 
cation is limited in normal cells, including those of the nervous system. In vitro, G207 at a low multiplicity of 
infection (MOI of 0.01) is oncolytic for multiple human prostate cancer cells. In atbymic mice, a single tn- 
traneoplastk inoculation of G207 completely eradicates >22% of established subcutaneous human prostate 
cancer tumors irrespective of hormonal responsiveness. Two fatraneoplasnc inoculations of G207 completely 
eradicated two of three recurrent previously irradiated tumors and two intravenous administration of G207 
induced tumor regression in distant subcutaneous tumors and completely eradicated one-fourth of the tu- 
mors. 
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prostate cancer cell Hues (LNCaP, DU-145, PC-3, prostate cancer 
and TSUPR-1). In atfcymic mice, a static intraneoplastk in- 
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every cancer cell is a major limitation of this form of experi- 
mental therapy. Replication-competent vectors offer a potential 
advantage over replication-defective vectors owing to the pos- 
sibility of viral multiplication within the tumor after viral de- 
livery. The genetic modifications in G207 (deletion of both 
ICP34.5 genes and a lacZ insertion inactivating the 1CP6 gene) 
permit replication within cancer cells but limit replication in 
normal cells, including those of the nervous system (Mineta et 
o/., 1 995; Yazaki et o/., 1 995). In athmic mouse models in which 
G207 has been studied, the anti tumoral effect of G207 is pri- 
marily due to virally induced lysis of the infected cancer cells 
(Yazaki et a/., 1995; Toda et a/., 1998a). In immune-compe- 
tent animals an additional benefit is due to the induction of an 
immune response to the tumor (Toda et fl/„ 1998b, 1999). For 
example, studies have shown tumor regression of noninoculated 
established subcutaneous tumors in syngeneic bilateral tumor 
models after intraneoplastk injection of G207 into a distant tu- 
mor. This effect was not due to systemic viral spread, but to 
the induction of tumor-specific cytotoxic lymphocytes (Toda et 
a/., 1999). This effect was lost when similar studies were done 
on immune-deficient animals. 



G207 was originally developed to treat malignant brain tu- 
mors without harming surrounding normal brain cells (Mineta 
et a/., 1995; Yazaki et a/., 1995) and is now in a phase 1 clin- 
ical trial for recurrent malignant gliomas. More recently, G207 
has been evaluated for the treatment of nonnervous system tu- 
mors (Toda et a/., 1998a, 1999). Because G207 is nonneu- 
rovirulent and neural damage is the major morbidity associated 
with the treatment of prostate cancer, G207 provides an alter- 
native therapeutic vector for prostate cancer. 



MATERIALS AND METHODS 

Ceil lines and in vitro susceptibility testing 

Human-derived prostate cancer cell lines included LNCaP 
(provided by E.P. Gelmann, Georgetown University Medical 
Center, Washington, D.C.), DU-145 and PC-3 (provided by the 
Lombardi Cancer Center, Georgetown University Medical Cen- 
ter), and TSUPR-1 (provided by W. Isaacs, James Buchanan 
Brady Urological Institute, Baltimore, MD). LNCaP was rnain- 




PC-3 



TSUPR-1 





FIG. 1. G207 susceptibility of human-derived prostate cancer cell lines in vitro. Four human-derived prostate cancer cell lines 
(LNCaP, DU-145, PC-3, and TSUPR-1) were infected with G207 at MOls of 1, 0.1, and 0.01. Each data point (mean of tripli- 
cate wells) is the percentage of surviving cells compared with the number of cells in control wells at each time point 
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tained in Iscove's modified Eagle's medium (IMEM; Bioflu- 
ids, Rockville, MD) containing 5% caJf serum (HyClone, Lo- 
gan, UT), DU-145 and PC-3 were maintained in RPMI 1640 
(Biofluids) containing 10% fetal calf semm (HyClone), and 
TSUPR-1 was maintained in Dulbecco's modified Eagle's 
medium (Biofluids) with 10% fetal calf serum. All cell lines 
were maintained at 37°C in 3% CO? with penicillin and strep- 
tomycin (Sigma, St. Louis, MO) added to the medium, and were 
free of mycoplasma contamination. G207 (obtained from Neu- 
roVir, Vancouver, BC, Canada) was titered on African green 
monkey (Vero) cells (provided by D. Knipe, Harvard Medical 
School, Boston, MA). For in vitro susceptibility assays LNCaP, 
DU-145, PC-3, or TSUPR-1 cells were plated in six- well dishes, 
infected with G207 at different multiplicities of infection 
(MOIs), and maintained in 1% heat-inactivated fetal calf serum 
in buffered saline at 34.5°C Cell counts were done in triplicate 
using a ZM Coulter counter (Coulter, Miami, FL) for each MOI 
on days 1, 2, and 3 postinfection, after washing with phosphate- 
buffered saline (PBS) and detaching cells with trypsin-EDTA 
(GIBCO-BRL, Grand Island, NY). 

Subcutaneous tumor model and intraneoplastic 
inoculation of subcutaneous tumors 

Six- to 7-week-old male BALB/c nu/nu mice were obtained 
from the National Cancer Institute (Rockville, MD). The 
Georgetown University Animal Care and Use Committee ap- 
proved all animal procedures. The mice were anesthetized with 
an intraperitoneal injection of a 0.25- to 0.30-ml solution con- 
sisting of 84% bacteriostatic saline (Abbott Laboratories, 
Chicago, IL). 10% sodium pentobarbital (1 mg/ml; Abbott Lab- 
oratories), and 6% ethyl alcohol or inhalation of 2-3 minima] 
alveolar concentration of methoxyflurane (Schering-Plough 
Animal Health, Union, NJ). Subcutaneous tumors were induced 
by flank injection of 5 X 10 6 LNCaP cells in 0.1 ml with an 



equal volume of Matrige) (Collaborative Biochemical Products, 
Bedford, MA), or 5 X 10 6 Du-145 cells in 0.1 ml. Tumors were 
measured by external caliper to within 0.1 mm, and volumes 
were calculated (V=//xZ,xW)and recorded. Animals with 
tumors less than 25 mm 3 were excluded. Tumors were inocu- 
lated intraneoplastically with G207 (2 X 10 7 PFU in 20 mD or 
virus buffer (20 /xl). Animals were sacrificed when the tumor 
diameter was greater than 18 mm. 

Intraneoplastic inoculation in irradiated 
subcutaneous tumors 

To study irradiated tumors, LNCaP tumors were established 
subcutaneously as described above, and animals randomized. 
Tumors received a total of 10, 20. 30. or 40 Gy fractionated 
over a 5-day period, using a cesium- 137 irradiator or mock non- 
irradiated treatment. Tumors in the 10- and 20-Gy group re- 
curred after initial radiation treatment. Animals with recurrent 
tumors were randomized into two new groups and the tumors 
were either inoculated intraneoplastically with G207 (1 X 10 7 
PFU in 20 fil) or virus buffer (20 /il); repeat inoculation was 
done 2 days later. 

Intravenous inoculation of G207 

LNCaP or DU-145 tumors were established subcutaneously 
as described above, and randomized into two groups respec- 
tively. Animals were inoculated by tail vein with either G207 
(2 X 10 7 PFU in 100 p\) or virus buffer (100 ul). This treat- 
ment was repeated 4 days later. 

Serum PSA determination 

At the completion of subcutaneous LNCaP tumor treatment, 
animals treated with either G207 (2 X 10 7 PFU) or virus buffer 
were sacrificed. Blood was obtained and centrifuged, and the 




FIG. 2. The effect of intraneoplatic injection of G207 on subcutaneous human prostate tumor growth. (A) LNCaP and (B) DU- 
145 subcutaneous tumors were established in BALB/c nu/nu mice. When the mean volume of LNCaP tumors (n « 8) and DU- 
1 45 tumors («« lb) was 99 mm 3 (range, 28-224 mm 3 ) and 80 mm 3 (range, 26-350 mm 3 ), respectively, tumors received a sin- 
gle intraneoplastic injection of G207 (2 X 10 7 PFU) or virus buffer (day 0). G207-treated tumors showed a reduction in volume; 
whereas buffer-treated tumors continued to grow (LNCaP, p < 0.05 versus controls on day 42; DU-145, p < 0.01 versus con- 
trols on day 46*). Complete eradication of 25 and 22% of the LNCaP and DU-145 tumors, respectively, was noted. (Bars repre- 
sent mean tumor volume ± the standard error of the mean.) 
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scmro was collected. Scrum was sent to Bayer (Tarrytown. NY) 
for determination of total prostate-specific antigen (PSA). (PSA 
testing was kindly done by G. Attard.) 



RESULTS AND DISCUSSION 

The sensitivity of four human-derived prostate cancer cell 
lines (LNCaP. DU-145. PC-3 f and TSUPR-1) lo G207 was eval- 
uated. Effective cytotoxicity, with >90% cell destruction within 
3 days, was noted for three of four cell lines (LNCaP, DU-145 
and PC-3) at an MOI of 0.01 (Fig. 1). This contrasts with stud' 
les of other viral vectors that require MOIs > 1 to achieve the 
same level of oncolysis for prostate cancer cell lines (Eastham 
etaL, 1996; Gotoh era/., 1997). It also represents a higher level 
of oncolysis at lower MOIs than indicated in prior studies by 
us using G207 against human nervous system tumor cell lines 
(Yazaki et 1995). 

To study the effect of intraneoplastic G207 treatment on lo- 
calized tumors, LNCaP and DU-145 were chosen for in vivo 
study since both cell lines bad comparable in vitro oncolysis, 
while LNCaP is hormonally responsive and DU-145 is hor- 
monally unresponsive (Tilley et a/.. 1990). Hormonally unre- 
sponsive tumors are generally more aggressive, with an in- 
creased rate of metastasis and poorer patient survival 
(Stephenson et «|„ 1992; Rembrink et al. 9 1997; Oh and 
Kantoff, 1998). Established subcutaneous LNCaP (n = 8) or 
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DU-145 [n « 16) tumors in athmic mice were inoculated with 
cither G207 (2 X 10 7 PFU) or virus buffer intraneoplastkally. 
Control tumor volumes increased to the point that the animals 
had to be sacrificed. In contrast tp the controls, G207 induced 
significant rumor regression of LNCaP {p < 0.05 versus con- 
trols on day 42. t test) and DU-145 tumors (p < 0.001 versus 
controls on day 46, / test) (Fig. 2A and B). Treatment with one 
inoculation of G207 (2 X 10 7 PFU) resulted in eradication of 
25% of the LNCaP tumors and 22% of the DU-145 tumors 
LNCaP tumors produce human PSA, which can be measured 
m the serum. Mean total serum PSA was significantly lower 
(0.18 ng/ml) in the G207-treated group than in the virus buffer- 
treated group (102 ng/ml) ip < 0.005 versus controls, / test). 

Because patients who choose radiation therapy as their pri- 
mary treatment may develop a localized recurrence of prostate 
cancer the effectiveness of G207 on previously irradiated lo- 
calized tumors was studied. Subcutaneous LNCaP (n = 15) tu- 
mors in athymic mice were initially irradiated. All tumors not 
irradiated (0 Gy) progressed until all animals had to be sacri- 
ficed. All tumors treated with 40 Gy and 33% of tumors treated 
w!th 30 Gy snowed complete tumor eradication without recur- 
rence. In contrast, all tumors treated with 10 or 20 Gy showed 
transient tumor volume reduction followed by regrowth. These 
10- and 20-Gy radiation failures were then grouped together 
^randomized to receive either intraneoplastic injection of 
G207(l X 10 7 PFU) or virus buffer with treatment repeated 2 
days later. AH buffer-treated tumors continued to grow, whereas 
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FIG. 4. The effect of intravenous injection of G207 on subcutaneous human prostate tumor growth. (A) LNCaP and (B) DU- 
145 subcutaneous tumors were established in BALB/c nu/hu mice. When the mean volume of LNCaP tumors (n = 12) and DU- 
145 tumors (n = 12) was 242 mm 3 (range, 96-385 mm 3 ) and 247 mm 3 (range, 63-510 mm 3 ), respectively, animate were in- 
jected intravenously (via tail vein) on day 0 and day 4 with G207 (2 X 10 7 PFU) or virus buffer. The mean tumor volume of 
G207-treated tumors showed a significant reduction versus buffer-treated tumors, which continued to grow (LNCaP, p < 0.001 
versus controls on day 38; DU-145, p < 0.05 versus controls on day 26). Tumor regrowth was noted after the initial reduction 
in volume of both LNCaP and Ehi-145 tumors. Complete tumor eradication occurred in 14% (1 of 7) and 40% (2 of 5) of the 
LNCaP tumors and DU-145 tumors, respectively. (Bars represent mean tumor volume ± the standard error of the mean.) 



two intraneoplastic treatments with G207 caused tumor eradi- 
cation in 66% of these previously irradiated tumors ip < 0.05 
versus controls on day 86, t test) (Fig. 3). While this total erad- 
ication rate is higher than that of Fig. 2, it should be noted that 
two additional variables must be considered. First, the animals 
in Kg. 3 received two doses of virus whereas those in Fig. 2 
received only one dose. Second, experiments in other tumor 
systems have shown enhanced antitumor activity when radia- 
tion therapy is combined with oncolytic herpes simplex virus 
(HSV) therapy (Advani et a/., 1998). When this is done con- 
comitantly increased viral growth has been documented. An ef- 
fect seen after temporal spacing could be due to the interactions 
of apoptonc pathways, injury to tumor vasculature, or other 
mechanisms worthy of additional study. Whatever the mecha- 
nism, it is important to note that prior exposure to radiation did 
not negatively impact the effectiveness of G207. Thus further 
preclinical studies are warranted to consider viral oncolytic ther- 
apy for patients with recurrent prostate cancer after radiother- 
apy. 

To test the possible use of intravenous delivery of G207 in 
the treatment of distant metastatic tumors, a preliminary study 
with subcutaneous DU-145 tumors was performed. DU-145 tu- 
mors (n ~ 4) were established subcutaneousry in athymfc mice 
and either G207 (2 X 10 7 PFU) or virus buffer was adminis- 
tered by tail vein inoculation. Animals were sacrificed on day 
4, and tumors were removed and stained for 0-galactosidase 
(Mineta tt a/., 1994). Diffuse areas of LacZ expression were 
noted in the tumors of G207-treated animals but none was noted 
in the controls (data not shown). Therefore, LNCaP (n = 12) 
or DU- 145 (n — 12) tumors were established subcutaneously in 
athymic mice. These mice were randomized and treated with 



either virus buffer or G207 (2 X 10 7 PFU) by tail vein inocu- 
lation. The treatment was repeated 4 days later. G207 caused 
significant tumor regression or growth inhibition versus virus 
buffer for both LNCaP ip < 0.001 versus controls on day 38, 
t test) and DU-145 ip < 0.05 versus controls on day 26, t test) 
(Fig. 4). Although inhibition or regression of tumor growth was 
observed with the dose regimen used, tumor r ecuir en ce was 
noted in the majority of the animals. Complete tumor eradica- 
tion occurred overall in one-fourth of the tumors (one of seven 
LNCaP and two of five DU-145) treated with the two-dose reg- 
imen described. 

This study has shown that intravenous delivery of G207 can 
induce tumor growth inhibition, regression, and eradication of 
distant prostate cancers. Others have demonstrated that local- 
ized vascular delivery of replicating HSV vectors is effective 
in the treatment of experimental brain tumors after mtracarotid 
delivery (Rainov et al. t 1998) and in experimental hepatic tu- 
mors after hepatic artery delivery (Y. Fong, personal commu- 
nication, 1999). A word of caution is in order since studies of 
wild-type and certain attenuated mutant strains of HSV have 
do cum en ted that intravenous administration can produce toxi- 
city of spinal cord, adrenal glands, and liver (Hill et a!.. 1986; 
Irieef a/., 1998). However, thus far, studies have shown mat 
intravenous delivery of 10 7 PFU of G207 has been nontoxic in 
BALB/c mice (W. Hunter and P. Sundaresun, personal com- 
munication, 1999). Nonetheless, additional prechmcal toxicity 
studies after both intravenous and mtraprostatic G207 inocula- 
tion are warranted. 

The mutations engineered into G207 are important for the 
significant reduction in neurovirulence after viral infection. 
G207 has been shown to be nonneurotoxic at 10* PFU after di- 
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rect inoculation into the brain of mice (BALB/c and AJ) (Mineta 
et a/., 1995). the sciatic nerve of mice (G. Mashour, personal 
communication, 1998), or into the brain of nonhuman primates 
iAotus) (Mineta et al t 1995). Further, G207 is currently in a 
phase I clinical trial for the treatment of recurrent malignant 
glioma and, as of this writing. 3 X 10 9 PFU has been inocu- 
lated intracranial^ into humans without the production of en- 
cephalitis or neural toxicity. Current techniques allow for well- 
localized stereotactic delivery of a vector to the prostate (Holm 
et aL, 1 983). G207 could allow for the in situ ablation of prostate 
cancer cells in a "nerve-sparing" fashion, limiting the inconti- 
nence and impotence often associated with radiotherapy or 
surgery. 

In conclusion, G207 may be valuable for treating various 
stages of prostate cancer including localized, bormonally resis- 
tant, previously irradiated, and metastatic tumors. Further im- 
provement of these results may be possible simply by altering 
the dosing regimen as noted above. In addition, vector modifi- 
cations providing improved viral replication, or the use of spe- 
cific promoters, or the expression of cytokines and other anti- 
cancer genes, are worthy of development. Preclinical studies of 
possible toxicity after intravenous and intraprostatjc inoculation 
will be necessary in order to consider this form of therapy for 
human use. 
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